NPM1-mutated acute myeloid leukemia (AML) is a provisional entity in the 2008
Introduction
Acute myeloid leukemia (AML) harboring an NPM1 mutation causing aberrant cytoplasmic expression of nucleophosmin (NPMc ϩ AML) 1,2 accounts for approximately 30% of adult AML and exhibits distinctive biologic and clinicopathologic features. [3] [4] [5] Moreover, AML with mutated NPM1 shows a favorable prognosis, in the absence of fms-related tyrosine kinase 3-internal tandem duplication (FLT3-ITD) mutation. [6] [7] [8] [9] [10] [11] For these reasons, AML with mutated NPM1 is listed as a provisional entity in the 2008 World Health Organization (WHO) classification of myeloid neoplasms. 12 At the time of preparation of the 2008 WHO classification, one argument for considering NPM1-mutated AML as a provisional rather than a distinct entity was that it showed overlapping features with AML with myelodysplasia (MD)-related changes, whose significance was unclear. According to the 2008 WHO, 13 one case can be assigned to AML with MD-related changes, because of the following reasons: (1) AML arising from previous myelodysplastic syndrome (MDS) or MDS/myeloproliferative neoplasm (MPN); and/or (2) AML with an MDS-related cytogenetic abnormality; and/or (3) AML with multilineage dysplasia (MLD).
Previous history of MDS or MDS/MPN is not usually a matter of controversy in distinguishing AML with MD-related changes from NPM1-mutated AML, because the latter is mostly a de novo leukemia. 1, 3, 14 Presence of MDS-related cytogenetic abnormalities is also rarely confounding, because approximately 85% of NPM1-mutated AMLs show a normal karyotype. 1 Moreover, if a cytogenetic abnormality is present (ϳ 15% of cases), this only exceptionally involves gain or loss of major segments of certain chromosomes, for example, complex karyotypes, Ϫ7/del(7q), or Ϫ5/del(5q), 15 as is frequently observed in AML with MD-related changes. 13 Even more importantly, we recently demonstrated that the presence of cytogenetic aberrations has no impact on the biologic and prognostic features of NPM1-mutated AML. 15 Thus, the major controversy in the 2008 WHO classification mainly consists in how to classify AML cases presenting with MLD (defined according to WHO morphologic criteria 13 ) and a concomitant NPM1 mutation.
According to the 2008 WHO, 13 cases that are recognized as distinct entities in the group of "AML with recurrent genetic abnormalities" but show MD-related changes of any type, are not classified as "AML with MD-related changes." In fact, the recurrent genetic lesion takes predominance over the MD-related changes. This criterion, however, does not apply to NPM1-mutated AML, because the WHO classification states that "It is currently unclear whether NPM1-positive/FLT3-negative genotype in AML with multilineage dysplasia confers the same good prognosis as in other AML with NPM1 mutations." 13 Thus, the WHO classification presently recommends that cases with overlapping features should be diagnosed as AML with MD-related changes, additionally annotating the presence of NPM1 mutation. 13p126 To better clarify the significance of MLD in NPM1-mutated AML, we investigated 318 patients with the following aims: (1) to determine the frequency and type of MLD in NPM1-mutated AML; (2) to assess the gene expression profile in NPM1-mutated AML with and without MLD; and (3) to compare the clinicopathologic, cytogenetic, FLT3 mutation status, and prognostic features of NPM1-mutated AML with and without MLD.
Our results indicate that MLD has no impact on biologic and prognostic features of NPM1-mutated AML. Taken together with previous observations that features of NPM1-mutated AML are not influenced by concomitant chromosomal aberrations, 15 our findings reinforce the concept that NPM1 mutation is a founder genetic lesion and clearly point to AML with mutated NPM1 and AML with MD-related changes as distinct disease entities.
Methods

Patients with leukemia
We investigated a total of 318 patients with AML with de novo cytoplasmic/ mutated NPM1: 110 were enrolled in the Gruppo Italiano Malattie Ematologiche Maligne dell'Adulto (GIMEMA) LAM99P and GIMEMA/ European Organisation for Research and Treatment of Cancer (EORTC) AML12 trials, and 208 were from the Munich Leukemia Laboratory (MLL). Only patients with NPM1-mutated AML with information on cytomorphologic features, cytogenetics, and prognosis were included in this study. Cytomorphologic evaluation in the 208 cases from the MLL and in the 110 patients from GIMEMA/EORTC was performed on bone marrow and peripheral blood smears.
The 110 patients from the LAM99P and AML12 (registration phase only) protocols received the same therapy, that consisted in a 3-drug induction cycle with daunorubicin, etoposide, and arabinosylcytosine. In case of complete remission (CR), a single course of consolidation therapy was administered: intermediate-dose arabinosylcytosine (500 mg/m 2 every 12 hours in a 2-hour infusion on days 1-6) plus daunorubicin, given on days 4 to 6. After consolidation, younger patients with a sibling donor were assigned to undergo allogeneic stem cell transplantation. Those without donor (as well as older patients) received unpurged autologous stem cell transplantation. Approval for the above studies was obtained from the institutional board of each participating center with consent obtained in accordance with the Declaration of Helsinki.
The 208 NPM1-mutated AML cases from the MLL received the following therapy: 94 patients were treated within the AML Cooperative Group (AMLCG) trials 16 (see information on study centers in "Acknowledgments"), the remaining 114 patients received treatment according to AMLCG protocols but were not enrolled in the AMLCG trial (n ϭ 17) or other intensive AML therapy protocols. As a control group, 55 patients with NPM1 wild-type AML without recurrent cytogenetic abnormalities excluding therapy-related AML were analyzed for MLD. These patients also received therapy according to the AMLCG trial.
Defining criteria for AML with mutated NPM1
The 208 AML cases from MLL were defined by mutational analysis of the NPM1 gene, as previously reported. 6 Presence of the NPM1 mutation in the 110 patients with AML from GIMEMA LAM99P and GIMEMA/EORTC AML12 trials was defined by immunohistochemical criteria, that is, demonstration of aberrant cytoplasmic expression of NPM (NPMc ϩ . 17, 18 NPMc ϩ ) was detected in paraffin sections from bone marrow biopsies fixed in B5/decalcified in EDTA with the use of an anti-NPM monoclonal antibody (clone 376), as previously described. 17 Immunostaining with monoclonal antibody against nucleolin/C23 (clone 4E2; Santa Cruz Biotechnology) served as negative control (nucleus-restricted positivity). When fresh cells were available for molecular or biochemical studies, the presence of NPM1 gene mutations or a mutated NPM1 protein was confirmed by mutational analysis 1 or Western blotting 19 with antibodies specifically directed against the NPM1 mutants.
Morphologic studies
Morphologic analysis of all 318 AML cases was performed by 3 separate investigators in Munich (K.M. or U.B., validation by T.H.) on Pappenheimstained or May-Grünwald-stained smears obtained from peripheral blood and bone marrow. Evaluation of dysplastic features was done searching for the presence of dysplasia in at least 50% of the cells in at least 2 cell lineages in bone marrow smears, according to WHO criteria. 13, 20 In 110 patients from GIMEMA/EORTC, both smears and bone marrow trephines were available for analysis. This offered the opportunity to assess blindly whether the bone marrow biopsy could be used for detecting MLD in NPM1-mutated AML. The bone marrow biopsy is a well-accepted procedure for detecting dysmegakaryopoiesis because clusters and dysplastic changes of megakaryocytes, such as absence of lobulation or multinuclearity, are usually well appreciated in tissue sections. 13, 21 In contrast, dysplastic changes affecting the myeloid and erythroid cell lineages are hard to assess by histology, 22 and this is the reason why the WHO guidelines require that MLD must be evaluated in smears. 13 To overcome this problem, we used our GIMEMA cohort to evaluate whether aberrant cytoplasmic expression in hemopoietic precursors of different lineages in bone marrow biopsies 23 could be used as surrogate for predicting MLD. Multilineage involvement was considered to be present when 2 or more myeloid (but not lymphoid 24 ) cell lineages showed at immunohistochemistry aberrant cytoplasmic expression of NPM. 23 Immunohistochemical detection of NPM, which also included double staining for glycophorin and NPM, was carried out as previously described. 23 Morphologic and immunohistochemical patterns in the bone marrow biopsies were compared with smear analysis that we used as the "gold standard" procedure for assessing MLD. 13 Parallel analysis of smears and bone marrow trephines was performed blindly. Smears were analyzed in the MLL by K.M. (validation by T.H.) whereas bone marrow biopsies were evaluated by 2 independent investigators, in Perugia (B.F.) and in Bologna (S.P.).
Cytogenetics and mutational analysis of the FLT3 gene
Karyotypes were analyzed after G-banding and described according to the International System for Human Cytogenetic nomenclature. 25 Mutational analysis of FLT3-ITD was assessed in all cases as previously described. 26, 27 Gene expression profiling
The sample preparation assay was performed as previously reported (Affymetrix HG-U133 Plus 2.0 microarrays). [28] [29] [30] Gene expression raw data were processed according to the manufacturer's recommendations. After quality control, raw data were normalized with the use of the robust multiarray average normalization algorithm as implemented in the R-package affy Version 1.18.0. 31 For supervised statistical analyses, samples were grouped accordingly, and for each disease entity differentially expressed genes were calculated by t statistics. To visualize the similarity of gene expression patterns, principal component analyses were applied. Transformed gene expression data were analyzed with the use of Partek Genomics Suite Version 6.4 (Partek Inc) . Microarray data can be downloaded at Gene Expression Omnibus, under accession no. GSE18018. 32
Statistical analysis
We compared distribution of variables such age, sex, white blood cell (WBC) count, CD34 expression, cytogenetics, and FLT3-ITD status in the 2 NPM1-mutated AML groups (with and without MLD). Mean differences were analyzed with the t test, and the chi-square test was applied in case of contingency tables. In case of 2 ϫ 2 contingency tables, the Fisher exact test was applied.
For prognostic analysis, characteristics of patients were summarized by cross-tabulations (categorical variables), quantiles (median for ordinal factors) or by standard positional and variation parameters (mean and SD for continuous variables). Differences in the distributions of prognostic factors in subgroups were analyzed by the 2 or Fisher exact test and by the Wilcoxon test. Survival was defined as the time from diagnosis to death or date of the last follow-up. Event-free survival (EFS) was defined as the time from diagnosis to date of failure (no CR, relapse, death) or date of the last follow-up. The probabilities of overall survival (OS) and EFS were estimated with the use of the Kaplan-Meier method. The log-rank test was used to compare risk factor categories in survival analysis, confidence intervals when estimated (95% confidence intervals) with the Simon and Lee method. Cox proportional hazard regression models were performed to examine and check for treatment results and the risk factors affecting time to event.
All tests were 2-sided, accepting P values less than or equal to .05 as indicating a statistically significant difference. Statistical analysis of patients from the MLL were performed with SPSS Version 14.0.1 software (SPSS Inc); data of patients with AML from the GIMEMA LAM99P and GIMEMA/EORTC AML12 studies were analyzed with SAS 9.1.3 software (SAS Institute Inc).
Results
Frequency and type of MLD in AML with mutated NPM1
Frequency and type of morphologic MLD changes were evaluated in smears from 318 patients with AML with mutated/cytoplasmic NPM1, according to the 2008 WHO criteria. 13 MLD was detected in 74 of 318 cases (23.3%). In particular, 57 of 318 cases showed dysplastic changes of 2 marrow lineages (erythroid and myeloid, n ϭ 3; erythroid and megakaryocytic, n ϭ 19; myeloid and megakaryocytic, n ϭ 35). Dysplasia of 3 lineages was observed in 17 of 318 cases. Representative examples of NPM1-mutated AML with MLD are shown in Figure 1 .
In the 110 patients from GIMEMA/EORTC, the presence of MLD in smears and the aberrant NPMc ϩ in hemopoietic precursors of different lineages in bone marrow biopsies were correlated. MLD was detected in smears from 20 of 110 cases (18.2%), whereas the aberrant NPMc ϩ staining pattern in hemopoietic precursors of different lineages was found in bone marrow biopsies from 23 of 110 patients (20.9%) . Correlation between these 2 parameters was poor. In fact, only 10 of the 20 MLD ϩ cases in the smears showed the aberrant NPMc ϩ staining pattern in hemopoietic precursors of different lineages in tissue sections; conversely, 13 of 90 MLD Ϫ cases in the smears were NPMc ϩ in various lineages in the bone marrow biopsy. These findings clearly indicate that multilineage involvement, as detected in trephine biopsies by NPMc ϩ immunohistochemistry, cannot be used as surrogate for dysplastic changes in smears to predict MLD in the erythroid and myeloid cell lineages. In addition to smears, morphologic examination of bone marrow biopsy helped to identify dysplastic megakaryocytes ( Figure 2 ), which is in keeping with the data from the literature. Like myeloid blasts, morphologically dysplastic megakaryocytes frequently showed aberrant cytoplasmic expression of NPM and nucleus-restricted expression of C23/ nucleolin (Figure 2 ), clearly indicating that they belonged to the leukemic clone.
The type of NPM1 mutation was correlated with the presence/ absence of MLD in 208 patients. No differences in the type and frequency of MLD changes were observed in AML carrying NPM1 mutation A (n ϭ 153), B (n ϭ 22), D (n ϭ 7), I (n ϭ 7), or other rare mutation variants, that is, K, R, M, H, J, U, V, ZA, ZD, ZG, ZI ZJ, or ZK (n ϭ 19).
In conclusion, analysis of smears from 318 patients with NPM1-mutated AML showed MLD in approximately 23% of cases and showed that dysplastic changes in smears did not correlate significantly with multilineage involvement in bone marrow biopsies, as defined by the NPMc ϩ staining pattern in hemopoietic precursors of different lineages.
Gene expression profiling in MLD ؉ versus MLD ؊ AML and comparison to NPM1-mutation status
To further investigate the biologic significance of MLD, an analysis of 48 AML cases according to MLD status was performed with gene expression microarrays ( Figure 3 ). First, a group of 16 MLD ϩ cases was compared against 32 MLD Ϫ cases. As given in the principal component analysis, the top 400 genes were not able to separate the corresponding groups ( Figure 3A ), but different expression patterns were mainly caused by the respective known FLT3-ITD status of these cases ( Figure 3B ). In contrast, when the respective cases were analyzed according to their NPM1 mutation status, 40 cases were NPM1 mutated, 8 cases were NPM1 wildtype, respectively; the resulting signature of the top 400 differentially expressed probe sets clearly separated these 2 AML subgroups ( Figure 3C ), indicating they are biologically distinct. As observed previously by similar analyses restricted to AML cases with a normal karyotype, 3, 4, 8 In the full cohort of 318 patients with NPM1-mutated AML (74 with MLD; 244 without MLD) median age was 53 years (range, 19-85 years) in the group with MLD and 57.9 years (range, 16-87 years) in the group without MLD (P ϭ .14). No significant difference in age distribution of the 2 groups emerged when they were stratified in decades (Ͻ 21 years, 21-30 years, 31-40 years, 41-50 years, 51-60 years, and Ͼ 60 years). Males were 41 of 74 (55.4%) in the group with MLD versus 102 of 244 (41.8%) in the group without MLD (P ϭ .046). The median WBC count was 25.7 ϫ 10 9 /L (range, 0.9-196 ϫ 10 9 /L) in the group with MLD and 33.7 ϫ 10 9 /L (range, 0.5-600.0 ϫ 10 9 /L) in the group without MLD (P ϭ .26). Morphology according to French-AmericanBritish/WHO was available in 316 of 318 patients, and no significant differences were observed in the 2 groups of NPM1-mutated AML with and without MLD.
Because down-regulation of CD34 is a distinguishing immunophenotypic feature of AML with cytoplasmic/mutated NPM1, 1 we assessed this parameter in NPM1-mutated AML with and without MLD. Data on CD34 expression in cell suspensions or bone marrow sections were available for 228 of 318 cases of AML with cytoplasmic/mutated NPM1 (55 with MLD; 173 without MLD). Cases were regarded as negative if the percentage of CD34 ϩ cells was 10% or less. Negativity for CD34 was found in 42 of 55 (76.4%) and 137 of 173 (79.2%) cases of the groups with and without MLD, respectively (P ϭ .70). CD34 expression in representative cases is shown at flow cytometry ( Figure 1 ) and in bone marrow tissue sections (Figure 2) .
Cytogenetics was available in all 318 cases. Abnormal karyotype was present in 43 of 318 cases (13.5%): 12 of 74 (16.2%) cases of NPM1-mutated AML with MLD and 31 of 244 (12.7%) cases of NPM1-mutated AML without MLD (P ϭ .44). Twelve cases had cytogenetic features (eg, del(9), Ϫ7, others) that define AML with MD-related changes (Tables 1 and 2 Thus, with the exception of a slight male predominance and a lower incidence of FLT3-ITD mutations in the MLD ϩ group, NPM1-mutated AML with and without MLD showed overlapping features.
NPM1-mutated AML with and without MLD show a similar outcome
The effect of MLD on prognosis was assessed in a total of 318 patients with AML with mutated NPM1. Survival was analyzed separately in the GIMEMA/EORTC and German series.
The 110 patients from GIMEMA LAM99P and GIMEMA/ EORTC AML12 received the same treatment (although enrolled in 2 consecutive studies). The CR rate difference between NPM1-mutated AML with or without MLD was not statistically significant (83.3% vs 80.6%, respectively; P ϭ .999). No differences were 
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BLOOD, 6 MAY 2010 ⅐ VOLUME 115, NUMBER 18 For personal use only. on May 1, 2017. by guest www.bloodjournal.org From observed for both OS and EFS in the whole population according to the presence or absence of MLD (20 and 90 cases, respectively; Figure 4A -B). Similar results were obtained when the analysis was restricted only to NPM1-mutated AML cases with normal karyotype (19 with MLD; 79 without MLD; Figure 4C-D) .
In addition, considering separately the NPM1-mutated/FLT3-ITD Ϫ cases, either as whole population ( Figure 5A -B) or as normal karyotype ( Figure 5C-D) , again, the outcome in terms of OS and EFS was not influenced by MLD. Similar results were obtained when FLT3-ITD ϩ cases were analyzed separately (not shown).
Overlapping results emerged from the analysis of the 208 NPM1-mutated patients from the MLL. OS and EFS did not significantly differ between NPM1-mutated AML with MLD (n ϭ 54) and NPM1-mutated AML without MLD (n ϭ 154; alive at 2 years: 74.6% vs 64.4%; P ϭ .370; median EFS: 17.5 months vs 16.6 months; P ϭ .200; Figure 6A -B). The same was true when this analysis was restricted to cases with normal karyotype (Figure 6C-D) .
OS was significantly shorter in NPM1-mutated cases with additional FLT3-ITD (n ϭ 71) than in NPM1-mutated cases without FLT3-ITD (n ϭ 137; P ϭ .044; median OS not reached vs 21.5 months; supplemental Figure 1A ). There was a tendency for EFS to be shorter in the NPM1-mutated/FLT3-ITD ϩ subgroup than in the NPM1-mutated/FLT3-ITD Ϫ group (14.2 vs 19.6 months), although this was not statistically significant (P ϭ .226; supplemental Figure 1B) .
Considering only FLT3-ITD Ϫ cases, no statistically significant difference emerged in OS and EFS of NPM1-mutated AML with and without MLD (alive at 2 years: 73.0% vs 78.0%; P ϭ .834; median EFS: 17.5 vs 20.6 months; P ϭ .334; Figure 7A -B). The same was true when this analysis was restricted to FLT3-ITD Ϫ cases with normal karyotype (Figure 7C-D) . Also in the subgroups of NPM1-mutated/FLT3-ITD ϩ cases, OS and EFS was not influenced by MLD (median OS, not reached with MLD ϩ vs 20.8 months with MLD Ϫ ; alive at 2 years: 85.7% with MLD ϩ vs 43.3% with MLD Ϫ ; P ϭ .195; supplemental Figure 1C) ; and median EFS was 22.7 months for MLD ϩ versus 14.0 months for MLD Ϫ (P ϭ .547; supplemental Figure 1D ). For personal use only. on May 1, 2017. by guest www.bloodjournal.org From As a comparison group, we used 55 patients who were randomly selected to include only de novo AML cases (excluding therapy-related AML) with unmutated NPM1 and normal karyotype; all were diagnosed at the MLL. MLD was identified in 20 of 55 (36.4%) cases: 35 MLD Ϫ patients were classified as AML-not otherwise specified and 20 MLD ϩ patients were classified as AML with MD-related changes, according to the 2008 WHO classification. Neither OS (median not reached vs 25.5 months; P ϭ .230) nor EFS (median of 16.9 vs 11.9 months; P ϭ .679) differed significantly between MLD ϩ and MLD Ϫ patients within this subgroup (supplemental Figure 2A-B) .
Multivariate analysis for OS and EFS carried out in all 318 patients with NPM1-mutated AML (Tables 3-4) indicated that MLD had no significant effect on OS and EFS but showed a significant effect of FLT3 status (mutated vs unmutated) on both OS (P ϭ .016) and EFS (P ϭ .016).
Discussion
This study provides evidence that NPM1-mutated AML with and without MLD changes have an overlapping gene expression profile and show similar immunophenotypic and prognostic features. These findings, taken together with previous observations that the presence of additional chromosomal abnormalities have no effect on the biologic and clinical characteristics features of NPM1-mutated AML, 15 support the view that this leukemia, irrespective of concomitant MD-related changes (MLD or chromosomal abnormalities), represents a single distinct entity whose molecularly defining feature is the presence of a mutated NPM1 gene. Thus, for classification purposes, the detection of an NPM1 mutation should take diagnostic precedence over the presence of MD-related changes, as is now accepted for cytogenetic alterations listed in the group of AML with recurrent genetic abnormalities. 13 Our results are not only diagnostically relevant because they allow one to better define the border between NPM1-mutated AML and AML with MD-related changes, but they also have important prognostic implications.
This study and previous findings from our group 1,15 strongly suggest that MD-related changes as defined by the 2008 WHO classification, 13 that is, previous history of MDS or MDS/MPN, presence of MDS-related cytogenetic abnormalities, and MLD, play a scarce relevance in defining biologically and clinically NPM1-mutated AML. Notably, AML with mutated NPM1 is a de novo leukemia. 1, 3 In our experience, none of the AML occurring in patients with well-documented clinical history of MDS showed cytoplasmic-mutated NPM. 1 Moreover, we found that only 1 of 46 cases of AML secondary to chronic MPN harbored a mutated NPM1 gene. 14 More in-depth studies of this single case, however, suggested that it might have represented a de novo AML arising from a normal residual hemopoietic stem cell rather than a clonally related evolution of the original MPN. 14 We previously found that approximately 15% of patients with NPM1-mutated AML harbor chromosomal aberrations. 1,15 These 
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BLOOD, 6 MAY 2010 ⅐ VOLUME 115, NUMBER 18 For personal use only. on May 1, 2017. by guest www.bloodjournal.org From aberrations appear to be secondary genetic events that do not appear to significantly effect distinctive biologic, clinicopathologic, and prognostic features of AML with mutated NPM1. 15 The most frequent chromosomal aberrations in NPM1-mutated AML were ϩ8, ϩ4, ϪY, del(9q), and ϩ21. 15 However, with the exception of del(9q) that, in the 2008 WHO classification, is accepted as an MDS-related cytogenetic abnormality, 13 trisomy 8 or the loss of chromosome Y should not be considered, by themselves, as sufficient evidence for assigning a case to AML with MD-related changes. Other typical MD-related cytogenetic abnormalities are rarely detected in NPM1-mutated AML. Recently, we found Ϫ7 or a complex karyotype (Ն 3 clonal chromosome aberrations according to the Southwest Oncology Group) in only 3 of 631 and 4 of 631 NPM1-mutated AML cases, respectively. 15 Interestingly, the complex karyotypes did not show the typical pattern of chromosomal gains and losses, such as loss of 5q, 7q 12p, 16q, and 17p and gain of 8q, 11q, and 21q, usually observed in MDS. 15 The results of this study further expand the analysis of correlation between NPM1-mutated AML and AML with MDrelated changes. In particular, they provide evidence that MLD has less effect than the genetic lesion (NPM1 mutation) in defining the leukemia entity. In fact, NPM1-mutated AML with and without MLD exhibited similar immunophenotype and gene expression profile: down-regulation of the CD34 and CD133 genes and overexpression of HOXA and HOXB cluster genes, respectively. 4, 8, 33 These findings differ from AML with MD-related changes without NPM1 mutation. Thus, when present, MLD should be regarded the equivalent of a morphologic variant of AML with mutated NPM1. The reason why that in NPM1-mutated AML multilineage dysplasia appears to associate with a lower frequency of FLT3-ITD remains to be explored.
The de novo origin of NPM1-mutated AML and our findings pointing to MD-related changes in NPM1-mutated AML as secondary events add to the growing body of evidence that NPM1 mutation is a driver genetic lesion in AML, as supported by the following observations: (1) cytoplasmic mutated NPM is specific for AML 1,34,35 ; (2) NPM1 mutations are mutually exclusive of recurrent cytogenetic abnormalities in AML 36 ; (3) NPM1-mutated AML exhibits a distinctive gene expression signature 4, 8, 33 and microRNA profile 5, 37 ; (4) all NPM1 mutations result in common changes at the C-terminal portion of NPM that maximize the export of this protein from the nucleus to cytoplasm, 1,38-40 pointing to aberrant cytoplasmic expression of NPM1 as a key event for leukemogenesis 39, 41 ; (5) NPM1 mutation is one of the few recurrent genetic lesions so far identified at whole genome sequencing of AML with normal karyotype 42, 43 ; and (6) with few exceptions, 44 which could represent clonally unrelated secondary leukemias, 45 NPM1 mutations are stable during the course of the disease. [46] [47] [48] [49] Based on our findings, we propose that AML cases with an NPM1 mutation and MLD should be classified as AML with mutated NPM1 rather than AML with MD-related changes. Indeed, there are several clinical and immunophenotypic differences that call for a separation of the 2 entities. AML with MD-related dysplasia usually presents with pancytopenia 13 that is quite uncommon in NPM1-mutated AML. 3 Moreover, in cases with aberrations of chromosomes 5 and 7, a high incidence of CD34 and CD7 expression has been reported. 50 In contrast, most NPM1-mutated AML, including rare cases carrying Ϫ7 or a complex karyotype, are CD34 Ϫ . 15 When using immunohistochemistry as first screening for NPM1-mutated AML, care should be taken in avoiding confusion with AML carrying the t(3;5) translocation because this rare leukemia subtype may show MD-related changes and aberrant cytoplasmic expression of NPM 51 (because of the presence of the NPM-MLF1 fusion protein). Further molecular and cytogenetic/fluorescent in 
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BLOOD, 6 MAY 2010 ⅐ VOLUME 115, NUMBER 18 For personal use only. on May 1, 2017. by guest www.bloodjournal.org From situ hybridization analyses clarify the issue showing an NPM1 mutation, or the typical t (3;5) or the NPM/MLF1 fusion gene/transcript. 51 Clinically, we showed no significant effect of MLD in response to induction therapy of patients with NPM1-mutated AML (ϳ 80%). The most clinically relevant finding in this study was, however, that MLD had no effect in the prognosis of NPM1-mutated AML. In particular, patients with NPM1-mutated FLT3-ITD Ϫ AML with or with MLD showed the same relatively favorable prognosis.
In conclusion, this study and our previous findings 15 strongly support the view that NPM1-mutated AML represents a distinct entity, irrespective of MD-related changes. We suggest that the current criteria of 2008 WHO classification should be reconsidered accordingly and that AML showing concomitant NPM1 mutation and MD-related changes of any type be classified as AML with mutated NPM1 rather than AML with MD-related changes. On the basis of our results, the term AML with MD-related changes should be restricted to cases with MDrelated changes without accompanying recurrent genetic abnormalities, including NPM1 mutation. AML with MD-related changes was recently claimed to differ prognostically from AML-not otherwise specified, 52 although morphologic dysplasia alone was not found to significantly affect prognosis of AML in general in other large studies. 20, 53 The above concepts have important implications in the classification and treatment of AML. 
